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SPECIFICATION 

FL UOROCARBON FILM AN D METHOD FOR FO RMING THE SAME 

Technical Field 
[0001] 

The present invention relates to an amorphous 
fluorocarbon film used in the technical field of a 
semiconductor device manufacturing process, for example and 
a method for forming the same, and the like. 

Background Art 
[0002] 

Conventionally, although silicon oxide (Si0 2 ) films have 
been widely used as interlayer insulation films for 
semiconductor devices, signal delay caused by the 
electrostatic capacity between wirings or electrostatic 
capacity between layers and wiring resistance has increased 
with miniaturization. Therefore, there is a need for a 
technique for forming an insulation film having a specific 
inductive capacity lower than that of a silicon oxide film 

(hereafter referred to as u low-dielectric-constant film") . 

[0003] 

An amorphous f luorinated carbon obtained by depositing 
carbon fluoride gas (hereafter simply referred to as 
^fluorocarbon film" in this specification) has attracted 
attention because of extremely low specific inductive capacity 
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among various low-dielectric-constant films (refer to 
documents described below) . 
[0004] 

[Non- Patent Document 1] Tatsuru SHIRAFUJI et . al . , Jpn . 
J. Appl. Phys., Vol. 42 (2003), pp. 4504-4509 

[Patent Document 1] Japanese Patent Application 
Laid-Open No. 2000-332001 

[Patent Document 2] Japanese Patent Application 
Laid-Open No. 9-237783 

[Patent Document 3] WO 99/28963 

Disclosure of the Invention 
Problems to Be Solved by the Invention 
[0005] 

However, it is very much a situation that even a 
f luorocarbon film said to have the lowest dielectric constant 
has the value of 2 or more, and falls well short of the 

theoretical limit value (k = 1.0). 
[0006] 

It is an object of the present invention to provide a 
fluorocarbon film having a sufficiently low dielectric 
constant that can reduce signal delay associated with the high 
integration of semiconductor devices, an electronic device 
using the same, and a method for forming such a fluorocarbon 
film; and the major technical subject thereof is to provide 
a fluorocarbon film wherein fine voids are formed. 
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Means for Solving the Problems 
[0007] 

As a result of the present inventors' repetitive studies 
for solving the above -described problems, they have reached 
the idea to provide a large numberof fine voids ina f luorocarbon 
film, and thereby lower the dielectric constant of the 
f luorocarbon film . 
[0008] 

The method for forming a f luorocarbon film having voids 
according to the present invention is characterized by 
including a step (SA1) for introducing a mixed gas containing 
a first carbon fluoride gas and a second carbon fluoride gas 
on a substrate placed inside a chamber, and depositing a 
f luorocarbon film on the substrate ; and a step (SA2) for forming 
voids in said fluorocarbon film by selectively removing 
volatile components contained in the fluorocarbon film. 
[0009] 

In this specification, a "carbon fluoride gas" means 
various f luorocarbons or hydrof luorocarbons [gases 
represented by chemical formulas C x F y (x and y are integers) , 
C x F y H z (x, y and z are integers) and the like] , and a fluorocarbon 
film means a film of a copolymer of these gases. 
[0010] 

The above-described method for forming a fluorocarbon 
film is preferable in the aspect that a large number of fine 
voids can be obtained by using a fluorine -containing compound 
having 4 to 5 carbon atoms as a first carbon fluoride gas, 
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and a fluorine-containing compound having 6 to 12 carbon atoms 
as a second carbon fluoride gas. 
[0011] 

It is preferable that the step for forming voids includes 
a step for cleaning the above -described f luorocarbon film with 
a supercritical fluid. Any supercritical fluids can be used, 
and for example, carbon dioxide, water, alcohol or the like 
can be used. 
[0012] 

The step for forming voids can include a step for heating 
the above -described f luorocarbon film. The conditions for 
heat treatment can be, for example, a slow heat treatment, 
or a rapid heat treatment (RTA) . 
[0013] 

It is preferable that the above-described chamber is a 
plasma enhancing chamber that can internally generate plasma . 
Various plasma generating systems can be used, and for example , 
an inductive coupling type, a capacitive coupling type or the 
like can be considered. 
[0014] 

It is preferable that the above-described first carbon 
fluoride gas has relatively high volatility, and the 
above -described second carbon fluoride gas has relatively low 
volatility. By varying the mixing ratios of these carbon 
fluoride gases, the content of voids can be varied. 
[0015] 



- 5 - 



The mixing ratio of the first and second carbon fluoride 
gases in terms of the proportion of the first carbon fluoride 
gas to the total quantity of the both is preferably 10 to 90 
mol%, more preferably 3 0 to 90 mol%, and further preferably 
50 to 80 mol%. When the mixing ratio is within these ranges, 
a f luorocarbon f ilmhavingparticularly low specific inductive 
capacity can be obtained. 
[0016] 

The above -described mixed gas may contain other gases 
other than the first and second carbon fluoride gases, such 
as argon gas , helium gas , neon gas and xenon gas , or may contain 
no other gases. 

However, the quantity of the above -described other gases 
that can be contained in the mixed gas in terms of the proportion 
of the other gases to the total quantity of all the gases is 
preferably 50 mol% or less, more preferably 20 mol% or less, 
and further preferably 5 mol% or less. 
[0017] 

Although low-dielectric-constant films include a type 
referred to as "organic- inorganic hybrid film" that contains 
silicon atoms, such as a siloxane -based monomer, in a part 
of the f luorocarbon film, the f luorocarbon film according to 
the present invention is characterized in that no silicon atoms 
are contained, and a deposited film formed using two or more 
carbon fluoride gases having different vapor pressure (ease 
of vaporizing) as starting materials is used. 
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Advantages of the Invention 
[0018] 

By providing a f luorocarbon film with a large number of 
fine voids to make it porous, the specific inductive capacity- 
can be more lowered. Using this method, a f luorocarbon film 
having a specific inductive capacity of 2 or below can be 
obtained. This f luorocarbon film can also be applied to the 
surface-coating materials of printed substrates for 
high-frequency circuits, gas adsorbing materials and the like, 
as well as the interlayer insulation films of semiconductor 
devices . 

Brief Description of the Drawings 
[0067] 
[Figure 1] 

Figure 1 is a diagram showing basic steps of the present 
invention; 
[Figure 2] 

Figure 2 (a) is a diagram schematically showing the film 
structure immediately after film forming (before void 
forming) ; and (b) is a diagram showing the aspect wherein 
volatile components 10 have been removed, and a large number 
of voids A have been internally formed; 
[Figure 3] 

Figure 3 is a system diagram showing an example of an 
apparatus for depositing a fluorocarbon film; 
[Figure 4] 
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Figure 4 is a partly sectional view showing an example 
of an inductively-coupled plasma CVD apparatus; 
[Figure 5] 

Figure 5 is a partly sectional view showing an example 
of a capacitively-coupled plasma CVD apparatus; 
[Figure 6] 

Figure 6 is a diagram (partly sectional view) of 
supercritical -fluid cleaning apparatus for conducting the 
void forming step after the formation of a f luorocarbon film; 
[Figure 7] 

Figure 7 (a) is a block diagram showing the relationship 

between the specific inductive capacity k of a f luorocarbon 
film heated in a nitrogen atmosphere under 1 atmosphere at 

400°C for 1 hour, and the mixing ratio of carbon fluoride gas 
on film forming (octaf luorocyclopentene and 
hexaf luorobenzene) ; and (b) is a diagram showing the 
relationship between the content of voids rate and the 
composition of the CVD material gas; 
[Figure 8] 

Figure 8 (a) is a front view of a printed substrate for 
high-frequency on which a f luorocarbon film according to the 
present invention is deposited; and (b) is an A - A sectional 
view in Figure 8 (a) ; 
[Figure 9] 

Figure 9 (a) is a sectional view of a substrate having 
a f luorocarbon film formed on the surface thereof; (b) is a 
perspective view of a string having a fluorocarbon film 
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according to the present invention formed on the surface 
thereof; and Figure 9(c) is a sectional view of film forming 
apparatus showing the aspect of depositing a f luorocarbon film 
according to the present invention on the surface of the string . 

Description of Symbols 
[0068] 

10 Component having high volatility 

11 Component having low volatility 

3 0 Plasma enhanced chemical vapor deposition apparatus 

33 First gas cylinder 

34 Second gas cylinder 

3 5 Temperature elevating means 
36, 38 Mass flow controller 

4 0 , 50 Chamber 
41 Coil 

42, 52 Matching circuit 

46, 56 Gas supply port 

61 Cylinder of supercritical fluid 

62 High-pressure pump 

63 Heater 

64 High-pressure cell 
6 5 Space 

67 Temperature controlling device 

81 Void 

82, 92, 94 Fluorocarbon film 

83 Printed substrate for high frequency 
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91 Substrate (base material) 

93 String 

95a, 95b Reel 

S Substrate 

A Void 

Best Mode for Carrying Out the Invention 
[0019] 

- Basic concept of the present invention - 

The method for manufacturing a f luorocarbon film having 
voids according to the present invention including two major 
steps. Figure 1 is a diagram showing the basic steps of the 
present invention . 
[0020] 

(1) Film formation step [SA1] 

This is a step for forming a f luorocarbon film composed 
of a component having relatively high volatility, and a 
component having relatively low volatility. Figure 2 (a) is 
a diagram schematically showing the film structure immediately 
after film forming (before void forming) , and shows the aspect 
composed of a component having high volatility 10, and a 
component having low volatility 11. 

[0021] 

Generally when a f luorocarbon film is deposited, one type 
of carbon fluoride gas is often contained in the material gas , 
and a gas having low volatility is used. This is for raising 
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the density of the fluorocarbon film obtained after film 

formation. 

[0022] 

However, in the present invention, a fluorocarbon film 
is deposited using as the starting material a carbon fluoride 
gas that contains a mixed gas of a first carbon fluoride gas 
having relatively high volatility and a second carbon 
fluoride gas having relatively low volatility as the major 
component. Thereby, even if large quantities of volatile 
components remain in the fluorocarbon film immediately after 
deposition, these volatile components can be removed by the 
subsequent treatment. As a result, the present inventors 
found that a large number of fine voids could be formed in 
the fluorocarbon film. 
[0023] 

The plasma CVD apparatus is in itself a very precision 
technique wherein the growth of the obtained film is affected 
by a very small difference in experiment conditions, and the 
gas piping for supplying the material elements and the 
structure of the reaction apparatus portion of the apparatus 
is complicated, and there are innumerable combinations of 
reaction conditions due to the setting of gas supply conditions , 
reaction temperatures and the like. 
[0024] 

Therefore, from various viewpoints, such as the 
film- forming rate, the content of volatile components, and 
the coverage of bumps, the conditions of high-quality film 
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formation can be more efficiently obtained by optimizing each 
of these film- forming conditions. 
[0025] 

(Preferable example of first carbon fluoride gas) 

A preferable example of the "first carbon fluoride gas" 
in the present invention is a fluorine-containing compound 
of the carbon number of 4 to 5, which is a compound having 
4 to 5 carbon atoms in a molecule, and having one or more fluorine 
atom directly bonded to the carbon atom. 

For example , it is a perf luorocarbon of the carbon number 
of 4 to 5, or a hydro f luorocarbon of the carbon number of 4 
to 5. Perf luorocarbons include saturated perf luorocarbons 
and unsaturated perf luorocarbons . When comprehensively 
evaluated from the viewpoint of the insulating performance 
of the obtained film, perf luorocarbons of the carbon number 
of 4 to 5 is more preferable than hydrof luorocarbon of the 
carbon number of 4 to 5, unsaturated perf luorocarbons of the 
carbon number of 5 is further preferable, and the cyclic 
unsaturated perf luorocarbons of the carbon number of 5 is most 
preferable . 
[0026] 

[Specific examples] 

(a) Cyclic unsaturated perf luorocarbons , such as 
hexaf luorocyclobutene , hexafluoro- (1-methylcyclopropene) , 
octaf luorocyclopentene , octaf luoro- (1-methylcyclobutene) , 
and octaf luoro- (1 , 2 -dimethylcyclopropene) ; 
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(b) straight-chain or branched unsaturated perf luorocarbons 
having a triple bond in a molecule , such as hexaf luoro-2-butine , 
hexaf luoro- 1 -but ine , octaf luoro- 1 -pentine , and 

octaf luoro-2 -pentine ; and hexaf luorovinylacetylene ; 

(c) unsaturated perf luorocarbons having a plurality of 
double bonds in a molecule , such as hexaf luoro- 1 , 3 -butadiene , 
octaf luoro- 1 , 3 -pentadiene , octaf luoro- 1 , 4 -pentadiene , and 
octaf luoroisoprene ,- 

(d) straight-chain or branched unsaturated perf luorocarbons 
having one double bond in a molecule, such as 

octaf luoro- 1-butene and octaf luoro-2 -butene ; 

(e) hydro f luorocarbons of the carbon number of 4 to 5, such 
as 2H-heptaf luoro-2 -butene , 2H-pentaf luoro- 1 , 3 -butadiene , 
IH-pentaf luorocyclobutene , 3H- pentaf luorocyc lobut ene , 
2H-nonaf luoro-2 -pentene , 3H-nonaf luoro-2 -pentene , 
IH-heptaf luorocyclopentene , 3H-heptaf luorocyc lopent ene , 
1H, 2H-tetraf luorocyclobutene , 

1H, 3H-tetraf luorocyclobutene , 
1H, 2H-hexaf luorocyclopentene , 
1H, 3H-hexaf luorocyclopentene , and 

1H, 5H-hexaf luorocyclopentene, can be listed; , from the point 
of view of the insulating performance of the obtained film: 
(A) hexaf luoro-2 -but ine , hexaf luoro- 1 -but ine , 
hexaf luorocyclobutene , hexaf luoro- 1 , 3 -butadiene , 
hexaf luoro- (1-methylcyclopropene) , octaf luoro- 1-butene , 
octaf luoro- 2 -butene , octaf luoro- 1 -pentine , 
octaf luoro-2 -pentine , octaf luoro- 1 , 3 -pentadiene , 
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octaf luoro- 1 , 4 -pentadiene , octaf luorocyclopentene , 
octaf luoroisoprene , hexaf luorovinylacetylene , 
octaf luoro- 1-methylcyclobutene , or 

octaf luoro- 1 , 2 -dimethyl eye lopropene is preferable ; 

(B) octaf luoro-2 -pentine , octaf luoro- 1 , 3 -pentadiene , or 
octaf luorocyclopentene is more preferable; 

(C) octaf luoro-2 -pentine or octaf luorocyclopentene is 
further preferable; and 

(D) octaf luorocyclopentene is especially preferable. 
[0027] 

(Preferable specific examples of second carbon fluoride gas) 
A preferable example of the "second carbon fluoride gas" 
in the present invention is a fluorine-containing compound 
of the carbon number of 6 to 12, which is a compound having 
6 to 12 carbon atoms in a molecule, and having one or more 
fluorine atom directly bonded to the carbon atom. 

For example, it is a perf luorocarbon of the carbon number 
of 6 to 12, or a hydrof luorocarbon of the carbon number of 
6 to 12 . When comprehensively evaluated from the viewpoint 
of the insulating performance and strength of the obtained 
film, perf luorocarbons of the carbon number of 6 to 12 is more 
preferable than hydrof luorocarbon of the carbon number of 6 
to 12, unsaturated perf luorocarbons of the carbon number of 
6 to 8 is more preferable, the cyclic unsaturated 
perf luorocarbons of the carbon number of 6 to 8 is further 
preferable, and cyclic unsaturated perf luorocarbons of the 
carbon number of 6 is most preferable. 
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Preferably used cyclic unsaturated perf luorocarbon is 
aromatic perf luorocarbon. 
[0028] 

[Specific examples] 

(f) Aromatic perf luorocarbons , such as hexaf luorobenzene , 
octaf luorotoluene , decaf luoro-o-xylene , 

decaf luoro-m-xylene , decaf luoro-p-xylene , 

pctaf luorostyrene , nonaf luoro- 1 , 3, 5-trimethylbenzene, and 
octaf luoronaphthalene ; 

(g) straight chain or branched unsaturated perf luorocarbons 
having one double bond in a molecule, such as 

dodeca f luoro - 1 - hexene , dodeca f luoro - 2 - hexene , 
dodecaf luoro- 3 -hexene , undecaf luoro- 1-heptene , 
undecaf luoro- 2 -heptene , and undecaf luoro- 3 -heptene ; 

(h) cyclic unsaturated perf luorocarbons having one double 
bond in a molecule, such as decaf luorocyclohexene and 
dodecaf luorocycloheptene ; 

(i) unsaturated perf luorocarbons having a plurality of 
double bonds in a molecule , such as decaf luoro- 1 , 3 -hexadiene , 
decaf luoro- 1 , 4 -hexadiene , decaf luoro- 1 , 5 -hexadiene , 
decaf luoro-2 , 4 -hexadiene, octaf luorocyclo- 1 , 3 -hexadiene, 
and octaf luorocyclo- 1 , 4 -hexadiene ; 

( j ) straight chain or branched unsaturated perf luorocarbons 
having a triple bond in a molecule, such as decaf luoro-2 -hexine 
and decaf luoro- 3 -hexine ; and 

(k) hydrof luorocarbons of the carbon number of 6 to 10, such 
as pentaf luorobenzene , tetraf luorobenzene , trif luorobenzene , 
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benzotrif luoride , pentaf luorotoluene , 

2,3,4,5,6 -pentaf luorostyrene , 1 , 3 -bis ( trif luoromethyl ) 

benzene, 1 , 4 -bis (trif luoromethyl ) benzene, and 

tetraf luoronaphthalene can be listed; from the relationship 

between insulating performance and strength of the obtained 

film, 

(E) hexaf luorobenzene , decaf luoro-o-xylene , 

decaf luoro-m- xylene , or decaf luoro-p-xylene is preferable; 
and 

(F) hexaf luorobenzene is especially preferable. 
[0029] 

(2) Void formation (pore forming) step [SA2] 

After the above -described film- forming step, by removing 
the component having high volatility, a large number of fine 
voids are formed. Figure 2 (b) shows the aspect wherein 
volatile components 10 have been removed and a large number 
of voids A have been internally formed. 

Conventionally, although there has been a so-called 
"porous silicon film" , wherein fine voids are formed in an 
inorganic insulating film or an organic- inorganic hybrid film 
containing silicon atoms, since it has been considered that 
a denser f luorocarbon film is preferable for the reason that 
fluorocarbon films have intrinsically a low mechanical 
strength, the idea of making the film porous by providing voids 
is considered to be a come- f rom-behind idea that defies the 
common sense of those skilled in the art. 

[0030] 
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As the method for removing volatile components, a method 
of heating a f luorocarbon film, and a method of forming voids 
without heating, can be considered. 
[0031] 

When the volatile components are removed by heating, the 
f luorocarbon film deposited in the above -described step [SA1] 
is heated in an inert gas, such as nitrogen and helium, at 
50°Cto450°C, further preferably 100°C to 450°C, and especially 
preferably 300°C to 450°C. If the temperature when heating 
is excessively low, the formation of voids becomes insufficient, 
and the specific inductive capacity becomes difficult to lower. 
[0032] 

However, when heated, there may be the case wherein the 
problem that the densif ication of the film occurs and the 
thickness of the film decreases. If the temperature when 
heating is excessively high, there may be the case wherein 
the film decreasing rate (decreasing rate of film thickness) 
becomes excessively large and becomes impractical. However, 
if the heating conditions are optimized, decrease in the film 
thickness can be minimized, and the volatile components can 
be sufficiently removed. 
[0033] 

On the other hand, when voids are formed without heating, 
a method called "cleaning with a supercritical fluid" can be 
used. 

Since a supercritical fluid has high permeability to a 
substance, it can enter into molecular- level fine gaps of the 
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deposited amorphous carbon film. Therefore, if a 
supercritical fluid is used, only volatile components can be 
selectively removed. 
[0034] 

The f luorocarbon film according to the present invention 
has a void ratio of preferably 20 to 80%, further preferably 
30 to 70% , and especially preferably 40 to 60% . When the void 
ratio is within the above -described range, the dielectric 
constant lowers . 
[0035] 

The f luorocarbon film according to the present invention 
has a specific inductive capacity of 2 or less, preferably 
1.8 or less, and especially preferably 1 . 6 or less, which is 
extremely lower than the specific inductive capacity of 
conventional low-dielectric-constant films . 
[0036] 

-Construction of a depositing apparatus- 
First, a f luorocarbon- film forming step, which is a first 
step of the method for manufacturing the fluorocarbon film 
according to the present invention, will be described. This 
step is common to all of the various embodiments. 

Figure 3 shows a system diagram showing an example of 
an apparatus for depositing a fluorocarbon film. In the plasma 
enhanced chemical vapor deposition apparatus (PE-CVD: Plasma 
Enhanced Chemical Vapor Deposition) 30 while the chamber of 
the apparatus 30 is evacuated using a vacuum pump 31, and a 
material gas is introduced into the chamber. 
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[0037] 

As the material gas, at least two kinds of carbon fluoride 
gases are required, and these are encapsulated in a first gas 
cylinder 3 3 and a second gas cylinder 34 . The pipes are divided 
with valves VI to V 10, and the flow rate of each material 
gas is controlled by mass flow controllers (MFCs) 36 and 38 
installed in each supply line. The lines for each material 
gas are finally joined into one line, and connected to the 
chamber. The valves V3 and V8 shown in this drawing are the 
valves for controlling the connection to bypass lines 37 and 
39. 

[0038] 

Broken lines in the drawing show a temperature elevating 
means 35. A gas having low vapor pressure becomes liquid at 
normal temperature and normal pressure. 

When such a liquid source (material) is used, the material 
is vaporized by heating the gas cylinder, the sidewall of the 
chamber, and pipes connecting those, with the temperature 
elevating means 35. 

As the mass flow controller (MFC) 36 installed in the 
line for the low vapor pressure system to which the temperature 
elevating means is applied, that of heat-resistant 
specifications is used . In the case of a gas having high vapor 
pressure, the addition of the temperature elevating means is 
not especially required because such a gas is gaseous at normal 
temperature and normal pressure. 
[0039] 
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Various kinds of apparatuses for depositing a 
f luorocarbon film have been known. As long as the f luorocarbon 
film can be deposited using a mixed gas of carbon fluoride 
gases as the starting material, any film- forming apparatuses 
can be used. The connection of material -gas supply lines can 
also be optionally changed. 
[0040] 

For example, Figure 4 is a partly sectional view showing 
an example of a plasma CVD apparatus adopting a system for 
generating plasma called inductively- coupled plasma (ICP) . 

Acoil 41 is installedon the upper portion of a cylindrical 
chamber 40, connected through a matching circuit 42 to a 
high- frequency power source 4 3 to generate plasma . The inside 
of the chamber is consistently evacuated using a vacuum pump 
45 connected through the valve 44, and maintained at a 
predetermined pressure . 

A gas supply port 46 is also installed inside the chamber, 
from which the material gas is introduced. 

A substrate for depositing a f luorocarbon film is placed 
on the substrate holding table (susceptor) 47 having an 
incorporated heater (not shown) . 
[0041] 

Figure 5 is a partly sectional view showing an example 
of a plasma CVD apparatus adopting a system for generating 
plasma called capacitively-coupled plasma (CCP) . 

An upper electrode 51 is installed on the upper portion 
of (or around) a cylindrical chamber 50, and connected to a 
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high-frequency power source 53 through a matching circuit 52 
to generate plasma . The inside of the chamber is consistently- 
evacuated using a vacuum pump 55 connected through the valve 
54, and maintained at a predetermined pressure. 

A gas supply port 56 of a shower-nozzle type is also 
installed inside the chamber, from which the material gas is 
introduced. 

A substrate for depositing a f luorocarbon film is placed 
on the substrate holding table (susceptor) 5 7 having an 
incorporated heater (not shown) . 
[0042] 

Although there are various types of inductively- coupled 
plasma CVD apparatuses of different locations or shapes of 
the coil, any of these can be used; and furthermore, various 
film- forming methods including capacitively-coupled 

(parallel -plate type) plasma CVD apparatuses and other plasma 
CVD apparatuses can also be used. Alternatively, an amorphous 
f luorocarbon film formed by a laser-abrasion method can also 
be used, although it is completely different film- forming 
method. 

[0043] 

( First Embodiment ) 

- Film formation step - 

As the material gas , a gas wherein a gas having relatively 
high volatility of the deposit (for example, C 5 F 8 , C 4 F 6 , C 2 F 4 
and the like) and a gas having relatively low volatility of 
the deposit (for example, C 6 F 6 , CloFs / C12F10 and the like) are 



- 21 - 



mixed at a certain percentage must be introduced into the 
reaction chamber. By thus using at least two kinds of gases 
having difference in volatilities, that is, different vapor 
pressures, voids can be formed after film formation. 
[0044] 

For example, octaf luorocyclopentene [chemical formula: 
C 5 F 8 (more accurately, c-C 5 F 8 ) ] gas has a structure having only 
one carbon- carbon double bond in a pentagonal cyclic structure , 
and is easily decomposed and highly volatile. On the other 
hand, since hexaf luorobenzene [chemical formula: C 6 F 8 gas] 
has a hexagonal resonance structure, it is stable, and has 
low volatility. However, high and low volatilities are 
relative values , and even hexaf luorobenzene , which has a lower 
volatility than octaf luorosyclopentene , is considered to 
vaporize at a certain rate. In addition, since both 
octaf luorosyclopentene and hexaf luorobenzene have low global 
warming potentials (GWP) , they have little effect on the global 
environment. Therefore, they are advantageous even when 
large quantities are industrially used. 
[0045] 

Since octaf luorosyclopentene is gaseous at normal 
temperature and normal pressure , the installation of a heating 
means on the gas cylinder 3 3 and the piping thereof is not 
required; however, since hexaf luorobenzene is liquid at normal 
temperature and normal pressure, the gas cylinder and the 
piping are heated to 90°C to 110°C using a heating device, 
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such as a tape heater, to introduce the gas into the chamber 
40 (or 50) . 
[0046] 

Before introducing the above -described gases, the 
chamber is evacuated, and the pressure is adjusted to, for 
example, 6.67 Pa (50 mTorr) . High- frequency of , for example, 
13.56 MHz are impressed to the high-frequency power source, 
and the RF output is adjusted to, for example, about 10 W to 
100 W. 

Next, the mixed gas of octaf luorosyclopentene and 
hexaf luorobenzene is introduced into the chamber, and the 
deposition of a f luorocarbon film on the substrate is started. 
[0047] 

The temperature of the substrate in film formation is 
made room temperature , and can be heated as required . Although 
it is considered that if the substrate is heated from the time 
of depositing the fluorocarbon film, the deposition of the 
fluorocarbon film and the formation of voids occur almost 
simultaneously, in any case, two steps of deposition 

(film- forming step) and void formation (step f or making porous) 
are carried out . 

[0048] 

In general, in the case of a plasma CVD apparatus, if 
the electric power for generating plasma is increased to 

elevate the plasma density (for example, 1 x 10 11 cm' 3 or higher ) , 

higher gases, such as octaf luorosyclopentene and 

hexaf luorobenzene , are dissociated into lower molecules , such 
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as C 2 , CF 2 , and C-CF, and the probability of adhesion to the 
substrate is elevated. 

As described above , if various conditions , such as plasma 
density, the pressure in the reaction chamber, and gas flow 
rate, are optimized taking account of the degree of 
dissociation, the deposition rate and the ratio of volatile 
components , in other word, the content of voids and further 
more, the specific inductive capacity can be controlled. 
[0049] 

Although a film having a cloudy surface was formed when 
the pressure in the chamber in the deposition of the 
f luorocarbon film was higher 6 . 93 Pa, when the film was formed 
under a pressure of 6.93 Pa or lower, a highly transparent 
film could be easily obtained. Since a highly transparent 
film is preferable for manufacturing devices, the pressure 
in the chamber when the fluorocarbon film is deposited is 
preferably 6.93 Pa or lower. 

However, if the pressure in the chamber in the deposition 
of the fluorocarbon film is excessively low, the film- forming 
rate is lowered and becomes impractical. Therefore, if the 
introducing quantity (flow rate) of the material gas (here, 
octaf luorosyclopentene and hexaf luorobenzene) is increased 
and the plasma retention time is shortened, the pressure in 
film formation can be lowered to some extent while maintaining 
the film- forming rate, and as a result, a fluorocarbon film 
having high film quality can be obtained. 
[0050] 
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For example, as a condition when the film is deposited 
using a plasma- enhancing chamber, the plasma density is 
preferably within the range between 10 10 and 10 15 cm" 3 . The 
temperature when the film is deposited is preferably within 
the range between 0°C and 4 50°C, and more preferably between 
room temperature and 3 0 0°C. The pressure in the 
plasma -enhancing chamber is preferably within the range 
between 0.0133 Pa and 13.3 kPa. 
[0051] 

- Void formation step - 

Figure 6 is a block diagram of supercritical-fluid 
cleaning apparatus for conducting the void forming step after 
the formation of a fluorocarbon film. 

The cylinder 61 of a supercritical fluid is connected 
to a high-pressure pump 62 through a valve 11, passed through 
a heater 63 , and introduced into a high-pressure cell 64 . The 
high-pressure cell is a metal vessel having an extremely thick 
wall, and a space 65 for placing a substrate S is provided 
inside. After filling the space 65, the supercritical fluid 
is passed through a pressure control valve V12 , and discharged 
outwardly from the exhaust pipe 66. The temperatures of the 
heater 68 installed around the high-pressure cell 64 and the 
chamber is controlled by the temperature controlling device 
67. 

[0052] 

Since carbon dioxide (C0 2 ) is inexpensive and easily 
available, and becomes a supercritical fluid at relatively 
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low temperature, it is preferable for carrying out the present 
invention. The supercritical fluid of alcohols (for example, 
ethanol, methanol, isopropyl alcohol and the like) or water 

(H 2 0) can also be used. 

[0053] 

When voids are formed using a supercritical fluid, the 
volatile components can be removed with substantially no 
decrease of the film thickness because no heat treatment step 
is carried out. Although the specific inductive capacity of 
the f luorocarbon film obtained using this method is of ten about 
1.6, the specific inductive capacity becomes smaller as the 
content of voids is larger, and theoretically, about 1.2 can 
be achieved. The method shown in this embodiment is especially 
suitable for the interlayer insulation film of a semiconductor 
device and the like. 
[0054] 

(Second Embodiment) 

- Film formation step - 

Using a PE-CVD reactor (high-frequency power source: 
13.56 MHz) of a inductive coupling system equipped with a 
reaction chamber of an inner diameter of 250 mm and a height 
of 450 mm, a fluorocarbon film was deposited on a silicon 
substrate placed in the chamber under the conditions shown 
in Table 1 . 

As the CVD material gas when the fluorocarbon film was 
deposited, octaf luorosyclopentene , hexaf luorobenzene , and 
the mixture thereof were used. 
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- Void formation step - 

Next, the fluorocarbon film deposited on the substrate 
was subjected to a heat treatment in a nitrogen atmosphere 

at 4 00°C for 1 hour to selectively remove volatile components, 
to form voids in the fluorocarbon film. 

The relationship between the specific inductive capacity 
k and the composition of the CVD material gas for the obtained 
fluorocarbon film is shown in Figure 7 (a) ; and the relationship 
between the void ratio and the composition of the CVD material 
gas is shown in Figure 7 (b) . The specific inductive capacity 
k and the void ratio of the fluorocarbon film were obtained 
using a commonly used method (for example, the method described 
in Jpn. J. Appl . Phys . , Vol . 43, No. 5A (2004) , pp. 2697-2698) . 
[0055] 



Table 1 



I RF output 


150 W 


Total flow rate of gas introduced 
into chamber 


7.5 ml/min 


Pressure in chamber 


6.93 Pa 


Substrate temperature 


Room temperature 



[0056] 

It is understood that when the mixing ratio of 
hexaf luorobenzene is about 50% to 80%, the specific inductive 
capacity is markedly low. Thereby, it is considered that when 
the mixing ratio is low, the volatile gas 

(octaf luorosyclopentene) volatizes, and simultaneously, the 
densif ication of the film occurs, causing the specific 
inductive capacity to increase. Although the deposition of 
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octaf luorosyclopentene alone is shown when the mixing ratio 
of hexaf luorobenzene is zero, in this case, since all the 
volatile components were vaporized due to heat treatment, the 
specific inductive capacity could not be measured. 

On the contrary, it is considered that if the mixing ratio 
was larger than 80%, since the proportion of the volatile gas 

(octaf luorosyclopentene) decreased and the number of voids 
decreased, the specific inductive capacity increased. 

[0057] 

Although decrease in the film thickness was observed when 

heated in a nitrogen atmosphere under 1 atmosphere at 40 0°C 
for 1 hour, a fluorocarbon film having a specific inductive 
capacity of 1.5 was obtained. 
[0058] 

Since decrease in the film thickness can be suppressed 
in some cases if the conditions of heat- treatment is optimized, 
voids can be formed by heat treatment in such cases. Film 
formation and void formation can be simultaneously performed 
by heating the substrate at given temprature from the time 
of film formation. 
[0059] 

As described below, there are cases wherein some decrease 
in film thickness raises no problems depending on applications , 
and even in such cases, the void- forming step using heat 
treatment can be adopted. 
[0060] 
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As described above , it is understood that the f luorocarbon 
film wherein voids are formed using the mixed gas containing 
of octaf luorocyclopenten and hexaf luorobenzene as the CVD 
material has a moderate void ratio by heat treatment thereafter 
performed, and especially excels in the insulation 
performance . 
[0061] 

(Third Embodiment) 

- Application of printed substrate for high- frequency circuits 
to surface-coating material - 

By forming a f luorocarbon film according to the present 
invention on the surface of the printed substrate for 
high-frequency circuits using the method described in first 
or second embodiment or the like, parasitic capacity can be 
reduced, and high-frequency characteristics can be improved. 
[0062] 

Figure 8 (a) is a front view of a printed substrate for 
high-frequency on which a f luorocarbon film according to the 
present invention is deposited; and (b) is an A - A sectional 
view in Figure (a) . As these drawings show, there are formed 
a f luorocarbon film 82 wherein a large number of voids 81 are 
formed so as to coat the surface of a printed substrate for 
high- frequency 83 . 
[0063] 

As described above, since the f luorocarbon film according 
to the present invention has a specific inductive capacity 
of 2 or below, which is extremely lower than the specific 
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inductive capacity of conventional low-dielectric-constant 
film, if the film thickness is several microns to several tens 
of microns to coat the surface of the printed substrate for 
high- frequency 83 , the dielectric loss is dramatically lowered, 
and the delay of signal transmission, the interference of 
signals, the attenuation of signals, the heat generation of 
circuits and power consumption can be reduced. 
(Fourth Embodiment) 

- Application to gas-adsorbing material - 

Although the f luorocarbon film according to the present 
invention was initially assumed to utilize as the interlayer 
insulation films of semiconductor integrated circuits, it is 
also considered to be useful as a gas adsorbing material if 
the porous structure of the obtained low-dielectric-constant 
film is positively utilized. Therefore, these will be 
described in the following embodiments. 
[0064] 

Figure 9 (a) shows a sectional view wherein a f luorocarbon 
film 92 of several microns to several tens of microns is formed 
on the both surfaces of the substrate 91. The substrate 91 
can be any substrate if it becomes a base material for forming 
a fluorocarbon film, and since it can be formed at room 
temperature, any kind of substrate, such as a plastic substrate , 
can be used. 
[0065] 

Figure 9 (b) shows an embodiment wherein a fluorocarbon 
film 94 according to the present invention is formed on the 
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surface of a string 93. In order to coat the surface of the 
string 93, for example, as Figure 9(c) shows, reels 95a and 
95b are installed in the film forming apparatus 3 0 and rotated, 
and after the film has been formed while winding the string 
93 from a reel to the other, the wound reel is installed in 
the supercritical-fluid apparatus as it is. Since the 
supercritical fluid has extremely high permeability , the void 
forming treatment can be sufficiently performed even in the 
wound state . 

Industrial Applicability 
[0066] 

Since the specific inductive capacity of the f luorocarbon 
film according to the present invention is 2 or less, when 
it is applied to the interlayer insulation film of a highly 
integrated semiconductor device, such as an ultra LSI, signal 
delay time can be significantly reduced, and is expected as 
the basic technology of next -generation semiconductor 
devices . 

Also as another example of application, there are uses 
other than the interlayer insulation film, such as application 
to a gas adsorbing material, a surf ace -coating material of 
a printed substrate for a high-frequency circuit , and the like 
by utilizing porous or low-dielectric-constant 
characteristics . 

As described above, the industrial applicability of the 
present invention is extremely large. 



